The aim of this research was to evaluate postharvest cherry tomato (Solanum lycopersicum (L.) Mill.) yield and fruit quality as affected by grafting and irrigation water quality in the desert region of Israel. Tomato plants (scion cv. Lorka) were grafted onto 3 commercial tomato rootstocks (Resistar, Beaufort and TRS2) and were irrigated with 2 water qualities: fresh water (electrical conductivity (EC)-1.6 dS m −1 ) and salty water (EC-4.0 dS m −1 ). Fresh water significantly increased fruit yield by an average of 17% and fruit size, regardless of plant grafting and rootstock, but there were no significant differences in fruit size between the water treatments. However, salty water, but not grafting, significantly improved several quality parameters of fruit stored for 12 d at 12 • C followed by 2 d at 20 • C in simulated sea transport of produce from Israel to Europe and marketing. Fruit harvested from plants irrigated with salty water showed higher sweetness, sourness and, especially, better general taste, and significantly reduced off-flavor, compared with those irrigated with fresh water. The combination of 'Lorka' on 'Resistar' rootstock and resulted in the best external, internal, and sensory quality parameters at the end of storability and marketing simulation, while the lowest-quality parameters were in fruit harvested from 'Lorka' on 'Beaufort' rootstock.
Introduction
Biotic and abiotic stresses are the factors that most limit horticultural productivity worldwide [1, 2] . During the present decade salinity and drought were the two main abiotic stresses in the southern part of Israel-a region that is predominantly arid and that is affected by salinity because of very low rainfall, high evapotranspiration and saline groundwater. Most of the available underground water had an electrical conductivity (EC) of about 4 dS m −1 , which could negatively affect plant growth and yield [3] . One method of modifying plants to resist environmental stresses involves grafting commercial cultivars onto selected vigorous rootstocks [4] . Grafting is regarded as a faster alternative to the relatively slow practice of breeding for increased environmental stress tolerance in fruit and vegetables [5] ; the grafted plant takes up water and nutrients from the soil more efficiently than the Horticulturae 2019, 5, 35 2 of 10 ungrafted one and retains its vitality for longer periods during the growing season [6, 7] . However, various rootstock/scion combinations may have positive or negative effects on final plant or fruit size, and on fruit yield and quality, both directly after harvest and during subsequent prolonged storage [8] [9] [10] [11] .
Tomato (Solanum lycopersicum (L.) Mill.) is one of the world's most popular and widely used vegetable crops [12] . Tomato fruit contain valuable nutritional components such as vitamin C, as well as antioxidant activity found in carotenoid pigments, and phenolic compounds [13] . Grafted tomatoes may yield 30% more marketable fruit per plant, but their contents of vitamin C and total phenolics may decrease significantly as a result of grafting [13] . Di Gioia et al. [14] found that vitamin C content decreased by 14-20% in the fruit of tomato plants grafted onto 'Beaufort F1' and 'Maxifort F1' compared with fruit of ungrafted plants. Savvas et al. [15] investigated the effects on fruit yield and quality of grafting a commercial tomato hybrid onto three commercial tomato rootstocks grown in a recirculating hydroponic system. 'Beaufort', 'He-Man', and 'Resistar' grown under low to moderate salt-stress conditions had enhanced titratable acidity (TA), total soluble solids (TSS), and ascorbic acid concentrations in fruit, but grafting and rootstock choice had no effect on any quality characteristics. Di Gioia et al. [14] reported similar results: fruit contents of TSS, TA, and dry matter were unaffected by grafting at any salinity level.
To the best of our knowledge, very little information is available regarding the influence of grafting in combination with various water qualities, on cherry tomato yield, and on fruit quality and sensory attributes after harvest and prolonged storage. Therefore, the goal of the present study was to evaluate cherry tomato yield and fruit size, and postharvest fruit quality, as affected by grafting and water quality in the desert region of Israel.
Materials and Methods

Plant Materials
The experiment was planted on 20 August 2016 on light dune soil (93% sand) in an unheated plastic-covered greenhouse with a 30% shade net. The soil was enriched with compost at a rate of 100 m 3 ha −1 , and before planting it was sterilized with Condor EC nematocide (Soiltech, Petach Tikva, Israel) and Adigan Super metam sodium (Agan Chemicals, Ashdod, Israel) at the manufacturers' recommended doses. The shade net was removed toward the end of September.
Cherry tomato (Solanum lycopersicum) cv. Lorka (Rimi, Petach Tikva, Israel) was the scion and was grafted on three commercial Israeli tomato rootstocks: 'Resistar' (Hazera Co., Brurim, Israel); 'Beaufort' (A.B. Zeraim, Airport City, Israel); and 'TRS2' (Tomatech R&D Ltd., Rehovot, Israel). All three rootstocks were reported to form strong root systems, which improved the vigor of the grafted plants, and were resistant to Fusarium, Verticillium, Meloydogyne, and tomato mosaic virus (ToMV). Ungrafted plants served as controls. Local practices for growing in a high-wire cultivation system (2.5 m high) were applied, including: leaf pruning, side shoot removal, vine-training (four plants per meter, running on single wire, one main branch per plant, 22,000 plants/ha), and weekly canopy height adjustment.
All treatments were tested with two irrigation water qualities: Fresh-desalinated water mixed with saline water to reach an EC of 1.6 dS m −1 ; and 'Saline'-water with an EC of 4.0 dS m −1 . Water application rates were based on daily evapotranspiration (ET) rates of the respective irrigation solutions during the growing season, as measured with lysimeters (which gave ET max). Each treatment consisted of four randomized replications. There were 32 plots in total (two water qualities and three rootstocks + non-grafted control, in four replications). per treatment, expressed in kg m −2 . Fruit weight, expressed in g per fruit, was determined once a month during the 5 months of harvest: 30 similar fruit, based on their color (i.e., maturity stage), were picked from the middle of the bunch and weighed, and the mean fruit weight was calculated.
Yield/Fruit Weight
Postharvest Quality Parameters
Once monthly during five harvests, uniform clusters (ripe-on-vine) and fruit (fruit color 7-8 (light red), on a scale from 1 to 12, where 1 = green, 6 = pink-light red, 12 = full red) were evaluated for external, internal and sensory parameters, immediately after harvest and after 12 d of storage at 12 • C with RH 93 ± 2%, followed by 2 d at 20 • C (simulation for sea transport to Europe from Israel plus 2 days of marketing).
Each treatment included four open plastic containers (replications) in each of which were placed about 1 kg of fruit (five to six ripe-on-vine clusters). Percentage weight loss was measured for each of the four containers at the end of the cold storage and marketing simulation. Fruit firmness was measured with a Durometer (Shore Instrument and Mfg. Co., Jamaica, NY, USA) on two opposite sides of each of 10 fruit randomly taken from each container. These fruit were used to evaluate color, TSS, TA and vitamin C content. Firmness was expressed as 'units of firmness' (UF), as measured with the Durometer: a fruit was considered 'very firm'-with UF > 45; 'firm'-with UF 36-45; 'soft'-with UF 26-35; or 'very soft'-with UF < 25. Color was measured with a Chroma-Meter (Minolta, Ramsey, NJ, USA) that was calibrated against a white standard tile; two opposite sides of each tomato, taken from the firmness test, were measured and the results were expressed as Hue angle (tan −b/a ). TSS (sugar content) and TA were measured in juice prepared from fresh tissue. The TSS was measured with a digital refractometer (Atago, Tokyo, Japan). The TA was measured in 5 mL aliquots of juice that were titrated to pH 8.1 with 0.1 N NaOH in a 678 EP/KF Processor automatic titrator (Metrohm AG, Herisau, Switzerland) and the results were expressed as citric acid percentage. Stem (bunch) freshness was evaluated on a scale from 1 to 3, where 1 = stem totally dry and brown; 2 = 50% of the stem fresh and green; 3 = stem totally fresh and green. Fruit abscission was determined by dropping each bunch from a height of 10 cm and calculating the percentage of fruit abscised from each bunch. A bunch was considered decayed once fungal mycelium appeared on it; the results were expressed as percentage of decayed bunches in each container. Vitamin C (ascorbic acid (AA)) was measured with the HI 3850 Ascorbic Acid Test Kit (Hanna Instruments, Bucharest, Romania) and the results were expressed as milligrams of vitamin C in 100 g fresh weight (FW) of fruit.
Antioxidant Activity
Antioxidant activity was evaluated by decolorization of the 2,2 -azinobis-(3-ethylbenzothiazoline-6-sulphonate) (ABTS + ) radical cation. The radical was generated in acidified ethanol solution to enable determination of the activities of both hydrophilic and lipophilic antioxidants. The solution was comprised of 16 mg of ABTS + and 4 mg of K 2 O 8 S 2 in acidified ethanol. Incubation of the reaction mixture at 45 • C for 60 min was sufficient for ABTS + generation. The decolorization test was performed in plastic cuvettes by adding 10 µL of test sample to 1 mL of acidified solution of ABTS + in ethanol, measuring the optical density at 734 nm after 15 min of incubation at room temperature, and comparing it with that of a blank sample. A 1 mM solution of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, a water-soluble derivative of vitamin E) was used as a standard, and the radical-scavenging activity of samples was expressed as Trolox equivalent antioxidant capacity (TEAC). Twenty fruit were taken from each treatment and five of them were sliced and pooled from each of four replicates. The samples were weighed, frozen in liquid N 2 , lyophilized and kept at −80 • C pending further analysis. The analyses were performed in triplicate, yielding 12 readings.
Hedonics Test
Twenty fruit randomly taken from each treatment were cut into halves, mixed and placed on a brown glass plate, 30 min before sensory analysis began. Sensory quality was evaluated by a 
Statistical Analysis
All data were analyzed with the JMP 11 statistical analysis software program (SAS Institute, Duxbury, NC, USA). A two-way factorial design was used to apply analysis of variance (ANOVA, San Francisco, CA, USA) to five different harvests.
Results
Irrigation with fresh water increased fruit yield by an average of 17%, compared with that obtained with saline water (Figure 1 ). Grafting did not affect fruit yield under irrigation with either fresh or saline water; however, with both water qualities the lowest yield was obtained with 'TRS2' rootstock ( Figure 1 ).
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Hedonics Test
Twenty fruit randomly taken from each treatment were cut into halves, mixed and placed on a brown glass plate, 30 min before sensory analysis began. Sensory quality was evaluated by a panel of 30-35 untrained members or students in the Department of Postharvest Science, comprising approximately equal numbers of men and women. The same panelists had conducted the hedonic tests during the harvest season. Sweetness was scored on a scale of 1-5: 1 = no sweetness; 3 = moderate sweetness; 5 = very high sweetness. Sourness was scored on a scale of 1-5: 1 = no sourness; 3 = moderate sourness; 5 = very high sourness. Off-flavor was evaluated on a scale of 0-4: 0 = no offflavor; 2 = moderate off-flavor; 3 = strong off-flavor; 4 = very strong off-flavor. Texture was scored on a scale of 1-5: 1 = very soft and watery; 3 = firm and slightly crispy; 5 = very firm and crispy. General taste was scored on a scale of 1-5: 1 = bad, 3 = good, 5 = excellent. At the end of the sensory analysis, panelists indicated their preferred sample. The sensory analysis was carried out for each of five harvests.
Statistical Analysis
Results
Irrigation with fresh water increased fruit yield by an average of 17%, compared with that obtained with saline water (Figure 1 ). Grafting did not affect fruit yield under irrigation with either fresh or saline water; however, with both water qualities the lowest yield was obtained with 'TRS2' rootstock ( Figure 1) . Fruit weight was about 8% greater under irrigation with fresh water than with salty water, but not significantly so (Table 1) . Grafting 'Lorka' on the rootstock 'Beaufort', but not on 'Resistar' or 'TRS2' increased fruit weight compared with non-grafted treatments. The highest fruit weight of 19.5 g was obtained in the fresh-water/'Resistar' treatment and the lowest of 16.7 g in the salinewater/'Resistar' treatment (Table 1) . Fruit weight was about 8% greater under irrigation with fresh water than with salty water, but not significantly so (Table 1) . Grafting 'Lorka' on the rootstock 'Beaufort', but not on 'Resistar' or 'TRS2' increased fruit weight compared with non-grafted treatments. The highest fruit weight of 19.5 g was obtained in the fresh-water/'Resistar' treatment and the lowest of 16.7 g in the saline-water/'Resistar' treatment (Table 1) . No significant differences were found in fruit weight loss between treatments, water qualities or rootstocks, although fruit lost more weight when irrigated with fresh water (Table 2 ). All rootstocks improved fruit firmness, but significant differences were found only between those on grafted 'Resistar' and non-grafted fruit. Fruit harvested from plants grafted on 'Resistar' rootstocks and irrigated with saline water were found to be the firmest, at 28.4 UF; those harvested from non-grafted plants irrigated with saline water were found to be the softest, at 23.4 UF; there was a slight interaction between water quality and rootstock in their effects on fruit firmness. Water quality significantly affected sugar content, measured as TSS: an average TSS of 5.8% was found in fruit irrigated with saline water compared with 5.3% with fresh water; rootstock did not affect sugar content. Saline water strongly influenced fruit acidity (TA) which averaged 0.6% and 0.5%, respectively, under saline-and fresh-water irrigation, whereas rootstock did not influence acidity; there was a slight interaction between water quality and rootstock in their effects on TA. No significant differences were obtained in decay development across all treatments and water qualities, although the average decay incidence was slightly higher in fruit from plants irrigated with fresh water than in those from plants irrigated with saline water: 0.9% and 0.4%, respectively. Water quality significantly influenced abscission. Saline-water irrigation significantly reduced fruit abscission compared with fresh water: the saline-water/'Resistar' treatment had the lowest abscission and the fresh-water/ungrafted treatment the highest-29.8% and 66.8%, respectively. Stem freshness also was influenced by water quality: the average stem freshness of fruit irrigated with saline water was significantly better than that of those irrigated with fresh water: 2.4 and 2.3, respectively. Grafting also affected stem freshness: on all grafted plants, stem freshness was significantly better than that on non-grafted plants (Table 2) . A significantly higher vitamin C content was found in fruit from plants irrigated with saline water than in those irrigated with fresh water: averages of 27 and 23 mg per 100 g (FW), respectively (Table 3) . Rootstock did not affect vitamin C content, but significantly affected lycopene content: the highest lycopene content was associated with 'Resistar' rootstock, especially with saline water, the lowest with 'Beaufort'-41 and 35.9 µg g −1 (FW), respectively. Water quality did not affect the fruit lycopene content. Neither water quality nor rootstock affected antioxidant activity in harvested fruit (Table 3) .
Fruit flavor was significantly more influenced by water quality than by grafting (Table 4) . Fruit from plants irrigated with saline water had greater sweetness, sourness and, especially, better general taste and significantly less off-flavor than those irrigated with fresh water. Grafting, however, significantly increased off-flavor in fruit from 'Resistar' and 'TRS2' rootstocks, whereas very little off-flavor was observed in non-grafted fruit. Neither water quality nor rootstock affected texture of harvested fruit (Table 4) . 
Discussion
The major growing area in Israel for cherry tomato is the arid south-west of the country, where salinity and drought are two of the major abiotic stress factors. Most of the available underground water in this region is saline, with an EC about 4 dS m −1 ; and even higher in most wells. To resist these abiotic stresses, grafting can increase environmental-stress tolerance of fruit vegetables [5] and improves the vegetative growth under water qualities and quantities [5, 15] .
Water quality can profoundly affect the yield of vegetables [3, 16] . We have found that salinity reduced the cherry tomato yield by 17%, mainly because of decreased fruit size and weight (Figure 1 ). The reduction in yield at high salinity can be attributed to low water content in the fruit-a result of poor uptake of highly saline water [17] , or of poor photosynthesis, which decreases CO 2 availability as a result of diffusion limitations [18] . In the present study grafting barely influenced fruit yield, as was reported also by Koutsika-Sotiriou and Traka-Mavrona [19] . However, Higashide et al. [20] reported that grafting increased tomato yield. Savvas et al. [16] also reported that grafting resulted in increased fruit and thus yield, when plants were exposed to low or moderate salinity in hydroponic system. This variability among reported findings demonstrates the importance of optimizing rootstock/scion combinations for each growth environment, including growing system, type of soil, day and night temperatures, and fertigation [21] . Each grafting combination should be tested under the anticipated salinity-exposure conditions before deciding on its suitability as a means to enhance the salt resistance of commercial greenhouse crops [16] . In Israel, use of rootstocks can extend the growing season to more than 10 months. However, the reason that we did not observe significant yield differences between different rootstocks using water of the same quality, was probably that plant virus infections in March-April each year shortened the growing season.
Grafting has a dramatic impact on the plant and its fruit and can affect fresh produce quality [4, 11, 22] . After storage for 12 d at 12 • C followed by 2 d at 20 • C, several fruit-quality parameters were significantly influenced by irrigation-water quality rather than grafting (Tables 1-3) . However, the combination of 'Lorka' (scion) and 'Resistar' (rootstock) was better than other combinations with respect to some of the fruit-quality parameters after storage and shelf life simulation. Irrigating 'Lorka'/'Resistar' plants with high-salinity water resulted in increased fruit firmness and sugar and acid contents after prolonged storage. High salinity (4.0 EC) increased health-promoting substances such as vitamin C and lycopene, as well, as reported also by Krumbein and Schwarz [23] . This combination also resulted in improved overall taste (Table 4) . It is possible that the root system of the 'Resistar' rootstock was more developed, with longer and thicker roots, which improved uptake of water and nutrients during salt stress and their transfer from the soil to the fruit [24] . It is also possible that the rootstock/scion combination might influence the amounts of hormones produced in the plant, thereby affecting the sink/source relationship and the improvement in fruit quality due to grafting [6] .
Irrigation with fresh water at 1.6 dS m −1 resulted in significantly greater fruit yield and size than water irrigation, regardless of plant grafting. On the other hand, water salinity, rather than grafting, was the more significant factor in improving several fruit-quality parameters after storage for 12 d at 12 • C followed by 2 d at 20 • C. However, fruit irrigated with high-salinity water and harvested from the combination of rootstock 'Resistar' and scion 'Lorka' had better external, internal and sensory qualities. Although the cost of a grafted tomato seedling is 1.5-2 × greater than that of a conventional seedling, the possibility of introducing advantageous horticultural traits without compromising fruit characteristics has significant value [25] . Moreover, use of an appropriate rootstock/scion combination and moderately saline water can improve fruit characteristics. However, further investigation is needed to evaluate the interaction of other commercial rootstocks and scions under saline conditions on fruit quality and storability.
